Trimethylation of lysine 4 of histone H3 occurs at the 5 0 end of active genes and is catalyzed by Set1 in Saccharomyces cerevisiae. Trimethylation requires histone H2B ubiquitylation and the PAF1 complex, which are linked to transcription elongation, but how they activate Set1 is not known. Set1 also bears several conserved domains with uncharacterized contributions to activity. Here, we isolated dominant hyperactive SET1 D alleles, which revealed a complex interplay among Set1 regulatory domains. Remarkably, the RNA-recognition motif (RRM) of Set1 is required for H3K4 trimethylation, but not dimethylation. Also, a central autoinhibitory domain was identified that opposes RRM function by inhibiting trimethylation. Furthermore, a G990E replacement in the catalytic domain conferred Set1 hyperactivity and restored trimethylation to a Set1 derivative bearing mutations in the RRM domain. Surprisingly, certain SET1 D alleles also partially restored trimethylation to strains lacking histone H2B ubiquitylation or Paf1. Taken together, our data suggest that the catalytic domain of Set1 integrates opposing inputs from the RRM and autoinhibitory domains to link properly H3K4 methylation to the transcript elongation process.
Introduction
Histones are modified at specific positions on their conserved amino-terminal 'tails', and these modifications play central roles in gene regulation (Jenuwein and Allis, 2001; Turner, 2002) . For example, acetylation at lysine 14 of histone H3 (H3K14Ac) or methylation of lysine 4 (H3K4Me) is associated with gene activation. In contrast, the lack of acetylation as well as the methylation of lysine 9 of histone H3 (H3K9Me) is correlated with gene repression (Jenuwein and Allis, 2001; Turner, 2002) . These two types of modifications are performed by histone acetyltransferases (HATs) and histone methyltransferases (HMTases). These modifying enzymes are members of large multiprotein complexes with other subunits likely serving roles in targeting or regulation. The primary substrates for these enzymes are the amino-terminal tails of the histone proteins. Modified tails function as binding platforms for transcriptional regulatory factors. For example, the histone H3 tail methylated at lysine 9 is bound by the chromodomain, a motif present in HP1 (Paro and Hogness, 1991) , a protein often associated with repressed genes. Interestingly, histone methylation may be associated with either repression or activation; H3K9Me is associated with (and helps direct) repression, whereas H3K4Me is primarily associated with activation (Lachner and Jenuwein, 2002) . The yeast Saccharomyces cerevisiae lacks H3K9Me, but bears significant H3K4Me. Very recently, the Chd1 protein (a chromatin-remodeling factor with associated HAT activity) has emerged as a strong candidate for binding H3K4Me (Pray-Grant et al, 2005) , linking increased H3K4Me to increased remodeling and acetylation.
Several years ago, the Drosophila protein Su(var)3-9 was shown to utilize its SET domain to methylate H3K9 (Rea et al, 2000) . This discovery was significant, as many SET domain proteins had been identified as transcriptional regulators, but their mode of action was not understood. In S. cerevisiae, the SET domain Set1 protein was identified as the unique H3K4 methyltransferase, as null mutations in SET1 eliminated all H3K4 methylation (Briggs et al, 2001; Roguev et al, 2001; Krogan et al, 2002) . Set1 is a member of a large protein complex called SET1/COMPASS, and most members of the complex are required for H3K4 methylation (Miller et al, 2001; Roguev et al, 2001; Nagy et al, 2002) . Null mutations (set1D) affect transcription of many genes including INO1 and MET16 (Santos-Rosa et al, 2002 and genes near telomeres (Nislow et al, 1997; Krogan et al, 2002) . Set1 also has roles in regulating silencing in the ribosomal DNA repeat locus (Briggs et al, 2001; Bryk et al, 2002) and is required for efficient DNA repair (Corda et al, 1999) .
A central question in chromatin and transcriptional regulation is how histone methylation is regulated. Remarkably, Set1 has the capacity to either mono-, di-, or trimethylate H3K4, and chromatin immunoprecipitation (ChIP) experiments reveal trimethylation restricted primarily to the 5 0 end of active genes and their proximal promoter region (Santos-Rosa et al, 2002; Krogan et al, 2003; Ng et al, 2003) . H3K4 di-and trimethylation requires members of the PAF1 complex (including Paf1 and Rtf1), which is involved in the transition from initiation to elongation, suggesting that H3K4Me is associated with this process Ng et al, 2003) . Set1 activity further requires the ubiquitylation of histone H2B, performed by Rad6 (E2) and Bre1 (E3) Sun and Allis, 2002; Wood et al, 2003) , and also the function of the proteasome components Rpt6 (Sug1) and Rpt4 (Sug2) (Ezhkova and Tansey, 2004) . All of these factors are linked to transcript elongation, further connecting Set1 trimethylation to this process.
Set1 is a large protein with many domains that might help regulate trimethylation: an amino-terminal RNA-recognition motif (RRM) (Nagai et al, 1990) , a semiconserved central domain, an N-SET domain, the catalytic SET domain, and the C-terminal post-SET domain (see Figure 1) . We find that all five of these domains are conserved in Set1-related proteins from humans (K1AA0339 and K1AA1076), mouse (BC010250 and BC035291), Drosophila (CG40351), and other organisms, although the central region shows considerable variation (data not shown). The SET, N-SET, and post-SET domains are absolutely required for Set1 enzymatic activity, as their omission prevents H3K4Me. However, the roles of the central domain and RRM in regulating trimethylation are not known. Interestingly, these two domains are only present in Set1-related proteins (that methylate H3K4) and not present in SET domain HMTases that are known to methylate H3K9 or other positions. This raises the possibility that the RRM and central region may work together to direct SET domain function to the task of H3K4Me at the 5 0 ends of the genes. If so, these domains might work together with factors that control transcript elongation to execute this task. Here, a screen involving chromatin remodeling yielded dominant activating mutations in SET1 (SET1 D ). Characterization of these SET1 D alleles revealed that the RRM and N-SET domains promote trimethylation, whereas the central region restricts trimethylation activity. Our studies further suggest that elongation factors may operate through these domains to affect enzyme activity. Furthermore, we identify a residue in the catalytic pocket that is important for overall activity and for integrating information from the RRM and central region.
Results

Isolation of SET1
D alleles through the suppression of rsc2 conditional alleles We isolated SET1 D alleles in genetic selections for suppressors of rsc2 alleles. Rsc2 is a member of RSC, an essential and abundant chromatin-remodeling complex. We obtained conditional (temperature-sensitive (Ts À )) rsc2 alleles through a combination of targeted mutagenic PCR and in vivo recombination (see Materials and methods). A complete description of the screen will be published elsewhere, as the focus of this work is on Set1 regulation. Two rsc2 alleles with clear Ts À phenotypes (rsc2-D461G and rsc2-V457M; Figure 1A ) were chosen for suppression, which led to the isolation of SET1 D alleles.
Suppression of rsc2 yielded the dominant truncation allele N-Set1
Suppressors of rsc2 mutations were isolated using a highcopy plasmid library (yEP24-based) bearing random fragments of yeast genomic DNA. Separate selections were performed using strains bearing rsc2-D461G or rsc2-V457M. Suppressors were selected at 351C, which prevents growth of these rsc2 alleles in isolation. Remarkably, both screens yielded SET1-containing plasmids as potent suppressors. However, all of these plasmids encoded identical truncated forms of Set1 that lacked the amino-terminal RRM domain and the moderately conserved central region ( Figure 1B ). This Set1 derivative was likely produced from a weak cryptic promoter present on the backbone of the library plasmid (data not shown). We termed this derivative N-Set1, as it retained the catalytic SET domain and the flanking N-SET and post-SET subdomains, which are required for HMTase activity (Briggs et al, 2001; Bryk et al, 2002) .
To better characterize N-Set1, we generated a series of Set1 derivatives bearing the FLAG epitope at their amino-terminus, all driven from the methionine-repressible MET25 promoter. Expression of these derivatives was moderately low in the presence of methionine and moderately high in the absence of methionine (data not shown). Again, N-Set1 suppressed rsc2, whereas full-length Set1 and a catalytically inactive form of N-Set1 (H1017K or C1019A) did not suppress ( Figure 1C ). This indicated that N-Set1 is a dominant gain-of- D alleles by rsc2 suppression in a strain bearing WT SET1 (to ensure dominance, see Materials and methods). A search involving an estimated 50 000 amino-acid substitutions yielded nine independent full-length SET1 D alleles. As shown below, the identity of the replacements strongly suggests that this screen was saturating. We report SET1 D allele characterization in the following order: their identity, their impact on H3K4 methylation in vivo, their H3K4 HMTase activity in vitro, and their ability to bypass normal HMTase regulation.
Identification of SET1 D alleles
The nine SET1 D alleles were sorted into three classes: (1) those bearing a substitution in the catalytic SET domain, (2) those bearing substitutions in the semiconserved central region, and (3) those bearing substitutions in the flanking N-SET domain. Remarkably, six of the nine SET1 D alleles obtained bore a substitution at residue 990 in the catalytic SET domain: G990E (four alleles), G990K (one allele), and G990A (one allele). Each G990E encoding allele was independent based on unique DNA alterations at other positions. However, as one allele (SET1 D -G990E) bore only one alteration, dominant behavior can be attributed solely to this replacement. Furthermore, the expressivity of SET1 D -G990E was equal to all other alleles bearing G990 and additional replacements (see G990E( þ ), Figure 2A ), further suggesting replacement of G990 as the crucial determinant. The location of this residue in the catalytic pocket and its impact on methylation are discussed in a later section.
The second class consists of two independent SET1 D alleles that share an R483W replacement (R483W A613T and S104A R483W). R483 is located in the moderately conserved central region, which has not previously been characterized. The R483W replacement was isolated and shown to be sufficient for suppression (Figure 2 , and data not shown). This result raises the possibility that the central region negatively regulates Set1 function.
The SET1 D -L777F E896K allele bears two substitutions at the two distal ends of the N-SET domain. Our alignments of the N-SET domain show good conservation among N-SET members in the vicinity of L777, and the almost uniform presence of a leucine at this position, whereas conservation of E896 is poor (data not shown). The N-SET domain has been shown to have a positive role in Set1 activity, as its presence is required for SET domain function (Figure 1 ) (Nislow et al, 1997; Briggs et al, 2001) . Whether the N-SET domain has a role in regulating H3K4 trimethylation is currently not known. Although the SET1 D -L777F E896K allele might promote the function of the N-SET domain in enzyme activation, its characterization lagged behind the other alleles, and therefore was not included in this work. Therefore, the remainder of this work focuses on an extensive characterization of the first two (more prevalent) classes of SET1 D mutations, the function of the RRM domain, and their regulatory relationships.
The central region negatively regulates Set1 activity, whereas the RRM domain positively regulates Set1 activity
To test whether the central region confers negative regulation on Set1 H3K4 activity, we added back this region to N-Set1, creating a Set1 derivative that begins just after the RRM domain, termed Set1DRRM. Set1DRRM lacked the ability to suppress rsc2 module mutations ( Figure 2B ), even though it was produced and assembled into SET1/COMPASS complex (Supplementary Figure 2) . These results strongly suggest that the central region negatively regulates Set1 activity (autoinhibition) and that the R483W substitution partially relieves this inhibition.
The lack of suppression by Set1DRRM suggested that the RRM domain positively regulates Set1. The RRM domain is a common motif found in many RNA-binding proteins and residues utilized for RNA recognition have been identified by mutational studies. A set of 3-4 hydrophobic residues is utilized for interaction with the RNA bases (Kranz and Hall, 1999) . Using these studies as a guide, we directed either alanine or aspartic acid substitutions (as a three-residue window) to this location, replacing VYL (residues 295-297) in the Set1 RRM domain. These RRM mutant derivatives were all produced and assembled into SET1/COMPASS complex (Supplementary Figure 2 ), but were unable to suppress rsc2 mutations ( Figure 2B ). Furthermore, combining RRM substitutions with the R483W substitution prevented rsc2 suppression ( Figure 2C ). Taken together, these results are consistent with the Set1 RRM domain positively regulating Set1 activity against H3K4, and reveal a role for putative RNA-interacting residues in Set1 function.
SET1
D mutations confer moderate increases in bulk histone H3K4 methylation levels Our genetic analysis is consistent with the SET1 D alleles encoding Set1 derivatives that either increase activity, bypass normal regulation, or both. To test whether these SET1 alleles increase the steady-state levels of bulk histone H3K4 methylation in vivo, we analyzed immunoblots of whole-cell extracts with antibodies that recognize di-or trimethylated H3K4. These antibodies were specific for their epitopes (data not shown, see Materials and methods). N-Set1 and G990E conferred moderate increases in bulk di-and trimethylated H3K4, whereas the R483 alleles conferred only slight enhancement. Interestingly, an allele that combines G990E with R483W has a similar level of H3K4 trimethylation levels, but was a more effective suppressor of rsc2 mutations than were the isolated substitutions ( Figure 3 , and data not shown). Taken together, these results are consistent with SET1 D alleles displaying slight to moderate increases in bulk H3K4 trimethylation in vivo.
RRM mutants lack appreciable trimethylation
Remarkably, removal of the RRM domain dramatically lowered trimethylation levels while dimethylation levels were largely retained. Likewise, replacements in the RRM domain designed to impair RNA interaction also drastically reduced trimethylation levels (Figure 3 ) while having only a modest impact on dimethylation. These results identify the RRM as an important positive regulator of trimethylation by Set1.
G990E, but not R483W, suppresses mutations in the RRM domain
These studies identified both positive and negative acting domains and mutations in Set1, which allowed us to explore their interplay in Set1 regulation. To this end, we combined mutations in the RRM domain (VYL-DDD) with the dominant activating SET1-G990E and SET1-R483W mutations and monitored their ability to suppress rsc2 and to methylate H3K4 in vivo. Remarkably, the G990E substitution retained the ability to suppress rsc2 when combined with RRM mutations ( Figure 2C ) and also restored H3K4 methylation to near WT levels ( Figure 3 ). In contrast, R483W combinations failed to suppress rsc2 ( Figure 2C ) and only weakly restored H3K4 methylation levels (Figure 3) . These results show that the Strains bearing rsc2-V457M (YBC1111) were transformed with empty YEp24 vector, N-Set1 (p1102), Set1 (p1067), Set1 R483W, A613T (p1368), Set1G990E ( þ ) S43N, S509F, P975S (p1306), or Set1 G990E (p1305) and grown on media lacking uracil at 28 and 331C. (B) RRM domain mutants fail to suppress rsc2-V457M. Strain rsc2-V457M (YBC1111) was transformed with empty YEp24 vector, N-Set1 (p1102), Set1 (p1067), Set1DRRM (p1377), Set1 VYL295-297AAA, A293T (p1375), or Set1 VYL295-297DDD (p1376) and grown on media lacking uracil at 28 or 331C. (C) G990E bypasses RRM mutations, enabling suppression of rsc2-V457M. Strain rsc2-V457M (YBC1111) was transformed with empty YEp24 vector, Set1 VYL295-297DDD (p1376), Set1 R483W (p1409), Set1 G990E (p1305), Set1 VYL295-297DDD þ R483W (p1431), or Set1 VYL295-297DDD þ G990E (p1410) and grown on media lacking uracil at 28 or 331C.
G990E substitution largely bypasses the requirement for the RRM for trimethylation whereas the R483W substitution largely retains reliance on the RRM domain. As removal of the entire autoinhibitory domain (generating N-Set1) fully restores trimethylation, the R483W allele likely represents a weaker allele in which the autoinhibitory domain is only partially functional (see Discussion and Figure 6 ).
A role for the N-SET domain in promoting H3K4 trimethylation
The N-Set1 allele obtained through rsc2 suppression (encoding residues 762-1080) is similar to an allele prepared previously by others (encoding 780-1080; Briggs et al, 2001 ), but was not tested for H3K4 trimethylation. However, our isolation of a SET1 D allele bearing a substitution at L777 (and also E896) raised the possibility that this N-terminal region of the N-SET domain (762-779) might influence di-or trimethylation. As we have not separated these mutations, L777 could not be tested in isolation. However, a strain expressing the Set1 780-1080 derivative displayed fairly high levels of dimethylation but very low levels of trimethylation (Figure 3, right  panel) . These results suggest a role for the amino-terminal section of the N-SET domain in promoting trimethylation.
Set1-G990E is a hyperactive histone H3K4 methyltransferase in vitro
Our data are consistent with G990 substitutions conferring hyperactivity and/or misregulation of Set1 activity. Currently, there is no crystal structure of Set1. Therefore, we utilized the crystal structure of the highly related mammalian H3K4 methyltransferase Set7/9 (Xiao et al, 2003) , in combination with sequence alignments, to identify the predicted location of G990 in the SET domain of Set1. Interestingly, the residue (G264) in Set7/9 that corresponds to G990 in Set1 resides in the active site within 3.5 Å of the methyl-lysine, and also very near the cofactor product S-adenosylhomocysteine (S-AdHoCys) ( Figure 4A ), consistent with this substitution altering catalytic activity. Furthermore, alignment of SET domains reveals glycine as the most common residue at this position (data not shown).
To determine whether the G990E derivative encodes a hyperactive methyltransferase, SET1/COMPASS complexes bearing Set1-G990E or WT Set1 protein were purified to homogeneity in parallel ( Figure 4B ) and their HMTase activities were compared using recombinant yeast histone H3 or mononucleosomes ( Figure 4C ). SET1/COMPASS complex bearing Set1-G990E protein is approximately 10-fold more active than WT Set1 on histone H3 when normalized for Set1 protein ( Figure 4C ). This difference is likely due to increased turnover number and not simply enzyme stability, as the product accumulates in a relatively linear manner, with the G990E enzyme showing proportionately higher levels at all times ( Figure 4D ). Identical results were obtained from parallel purifications of SET1/COMPASS complex from WT Set1 and a strain bearing an alternative SET1 D allele, termed G990E( þ ), which also bears additional substitutions (S43N, S509F, P975S; data not shown). Remarkably, H3K4 dimethylation of nucleosomal H3 was not apparent with WT SET1/ COMPASS, whereas dimethylation with the G990E derivative was clearly detected ( Figure 4C ). We note that the G990E complex is less active on nucleosomes than on isolated H3, and that our anti-trimethyl antibody has slightly lower avidity than our anti-dimethyl antibody. Therefore, we could not determine whether trimethylation of nucleosomes was occurring with the G990E complex. Taken together, these results demonstrate that G990E substitutions confer a hyperactive SET1/COMPASS complex with the capacity to methylate an unmodified nucleosome at H3K4.
N-Set1 can restore viability to rsc2rad6 combinations
SET1
D alleles suppress rsc2 mutations, suggesting that Set1 hyperactivity and/or misregulation suppresses rsc2. If so, then reduced Set1 activity might exacerbate rsc2 mutations. Here, we combined rsc2 with two alleles that by themselves eliminate H3K4Me, set1D and rad6D. Indeed, rsc2 set1D combinations conferred severe sickness, and rsc2 rad6D combinations conferred lethality (data not shown). Interestingly, we found that introduction of N-Set1 into rsc2 rad6D cells restored viability, raising the possibility that N-Set1 may restore H3K4 methylation to a rad6D strain. This prompted us to test whether our other SET1 D alleles had acquired the ability to bypass Rad6 and other factors normally required for H3K4Me. In keeping with our focus on Set1 regulation, all of the studies on methylation below were performed in RSC þ strains.
SET1 D alleles partially suppress the requirement for Rad6 and Paf1 for H3K4 methylation
In vivo, full H3K4 methylation relies on SET1/COMPASS complex members (such as Set1, Bre2, and Spp1), and proteins required for histone ubiquitylation (Rad6) and transcription elongation (Paf1, Rtf1). To determine whether our SET1 D alleles require these factors for H3K4 methylation, the SET1 D alleles (or WT SET1) were expressed in strains lacking these factors and the bulk H3K4Me levels were monitored. To more quantitatively assess their impact, our controls included identical levels of protein derived from WT cells ( Figure 5 , 15 mg, lanes 1) or 10% of those levels (1.5 mg, lanes 2). D and set1 mutations on histone H3K4 methylation levels in vivo. Whole-cell extracts (5 mg) from strain YBC1236 (set1D) transformed with plasmids bearing Set1 mutations as indicated (see Figure 2 for plasmid identities) were loaded onto an SDS 10-20% acrylamide gel, transferred to PVDF, and probed with the antibodies indicated. Levels were quantified by normalizing to the WT. We note that bulk H3K4Me levels varied 720% between individual biological replicates, so many (3-5) replicates were prepared and compared. Trends were clear, and shown is a representative experiment that accurately reflects the trends. Strains lacking Bre2 lack trimethylation and bear very low levels of dimethylation. Remarkably, three SET1 D alleles restored dimethylation levels to 10-15% of WT ( Figure 5A ).
Additionally, the SET1 D -R483W G990E double substitution provided a low but detectable level of trimethylation, raising the possibility that combining SET1 D substitutions confers even greater activity/misregulation. Strains lacking Spp1 showed moderately reduced levels of H3K4 dimethylation (B50% of WT) and significant reductions in trimethylation (B10% of WT); however, the SET1 D alleles did not significantly raise H3K4 methylation (data not shown), suggesting that increased H3K4 methylation by these SET1 D alleles requires Spp1. Strains lacking Paf1 lack appreciable trimethylation and bear low levels (B25% of WT) of dimethylation. Remarkably, the N-Set1 and SET1 D -R483W G990E alleles restored dimethylation and trimethylation to much higher levels ( Figure 5B ). In contrast, the R483W allele was largely ineffective, reminiscent of its inability to suppress RRM mutations (see Discussion). Strains lacking Rtf1 lack H3K4 trimethylation and bear extremely low levels of dimethylation. Here, the SET1 D -R483W G990E combination conferred significant H3K4 dimethylation, whereas trimethylation was not appreciably affected ( Figure 5C ). Strains lacking Rad6 completely lack both histone H2BK123 ubiquitylation and H3K4Me (Sun and Allis, 2002; Wood et al, 2003) . Here, most SET1 D alleles conferred low to moderate increases in H3K4 dimethylation levels. However, the SET1 D -R483W G990E allele conferred significant increases in dimethylation (6% of WT) and a slight restoration of trimethylation levels ( Figure 5D ). Thus, these SET1 D alleles can partially restore di-and trimethylation to strains lacking factors normally required for H3K4Me. However, restoration of activity was most striking in cells lacking Paf1, which is closely linked to transcript elongation; levels of dimethylation are restored to 30-40% of WT levels and levels of trimethylation are restored to 5-15% of WT levels. This restoration has a positive impact on growth ability in vivo. Paf1 has many functions beyond promoting Set1 trimethylation, so a test for suppression by SET1 D alleles must involve a phenotype shared by both paf1D Figure 4 G990E replacement in Set1 creates a hyperactive H3K4 methyltransferase. (A) Structure of the Set7/9 SET domain (Xiao et al, 2003) . The G990E dominant mutation in Set1 corresponds to G264 of Set7/9 (pink). (B) Purification of WT and G990E SET1/ COMPASS complexes. SET1/COMPASS was purified by TAP purification from strains expressing TAP-tagged BRE2 (YBC1720), and containing plasmids bearing either WT Set1 (p1067) or Set1 G990E (p1305). A 10 ml portion of each purified complex was loaded onto an SDS 4-15% acrylamide gel and stained with silver. (C) HMTase activity of WT and G990E complexes. Purified complexes were incubated with 2.5 mg of recombinant H3, in the presence of Sadenosylmethionine and HMTase buffer for 16 h at 301C. Whole-cell extract (10 mg) and 10% of each reaction (250 ng H3) were loaded onto an SDS 10-20% acrylamide gel and transferred to PVDF membrane. Immunoblots were incubated with anti-H3K4 trimethyl and set1D strains. The clearest phenotype is their inability to grow on medium containing hydroxyurea (an inhibitor of DNA replication), likely due to defects in transcription of genes involved in replication or DNA metabolism. We find that the expression of our SET1 D alleles in paf1D mutants partially restores growth ability in this condition ( Figure 5E ). Here, partial restoration was all that was expected, as Paf1 is required for efficient targeting of Set1/COMPASS to the 5 0 ends of genes Ng et al, 2003) . Therefore, in spite of paf1D mutations greatly lowering the targeting and activity of SET1/COMPASS, SET1 D alleles can improve paf1D growth ability. Combined with the observation that SET1 D alleles restore viability to rsc2 rad6 mutants, the function of these SET1 D alleles is linked both to Paf1 and Rad6 function. D alleles can partially restore growth ability to paf1D strains on medium containing hydroxyurea. A paf1D strain (GHY880) was transformed with the plasmids indicated and tested for growth ability on selective medium, or selective medium containing 60 mM hydroxyurea (HU), and grown for 6 days.
Discussion
SET domain methyltransferases play central roles in transcriptional regulation, and display exceptionally complex regulation. Set1 is the sole H3K4 HMTase in yeast, and in addition to the catalytic SET domain, Set1 bears multiple conserved domains with the potential for enzyme regulation. Loss-of-function mutations provide information about required domains/residues in enzymes such as Set1, and are easily acquired. However, dominant gain-of-function mutations are much more difficult to acquire, although often prove extremely valuable in understanding enzyme regulation. Here, we isolated dominant SET1 D alleles, which were utilized to reveal new domains and properties underlying Set1 regulation.
rsc2 suppression yielded SET1 D alleles
Here, a selection for suppressors of rsc2 conditional mutations yielded nine SET1 D alleles, which conferred either increased activity against H3K4, partial bypass of normal regulation, or both. How these SET1 D alleles suppress rsc2 mutations is not known; rsc2 does not affect H3K4Me levels (in WT SET1 strains) and Rsc2 does not prefer to bind H3K4Me peptides (data not shown). However, one simple model for suppression is that both H3K4Me and Rsc2 (RSC) promote transcription, and that a defect in Rsc2 function can be compensated by increased H3K4Me. A related possibility is that certain genes utilize either RSC or an alternative remodeler that binds H3K4Me, with Chd1 as a strong candidate (Pray-Grant et al, 2005) . At these loci, reduced RSC function would require a greater participation from Chd1, which is facilitated through increased H3K4Me by these SET1 D alleles. Although this possibility will be interesting to explore, this current work has an entirely different focus: the isolation and characterization of SET1 D alleles useful for understanding how methylation by Set1 is regulated.
Set1 regulation is linked to transcription elongation
Set1 regulation is remarkably complex. Set1 activity requires its assembly into a large complex (COMPASS), the presence of histone ubiquitylation at H2BK123, and the presence and activity of several factors important for RNA Pol II CTD phosphorylation and transcript elongation (see Introduction). In addition, both Set1 occupancy and H3K4 trimethylation are localized to the 5 0 ends of active genes. In contrast, dimethylation is found on the coding regions of active genes, and also on intergenic segments of active genes and repressed genes that are not packaged into repressive heterochromatin Santos-Rosa et al, 2002; Krogan et al, 2003; Ng et al, 2003) . Currently, how these factors recruit Set1 and activate trimethylation is not well understood. However, it is clear that both CTD phosphorylation (at serine 5) and the PAF1 complex are required for Set1 recruitment to the 5 0 end of active genes Ng et al, 2003) . Although the roles of individual members of the PAF1 complex in this process are not known, current data are consistent with SET1/COMPASS being recruited to the 5 0 end of genes during the transition from initiation to elongation, where the PAF1 complex associates with RNA Pol II phosphorylated at serine 5. Therefore, trimethylation occurs in the region where the nascent RNA is produced. Taken together, several factors involved in the transition from transcript initiation to elongation regulate Set1 recruitment and activity against H3K4.
A role for the RRM domain in promoting trimethylation
A question of particular interest is how the factors described above stimulate trimethylation at the 5 0 ends of active genes. Here, our data strongly suggest that RRM domain of Set1 plays a central role in regulating trimethylation. First, its removal essentially eliminates H3K4 trimethylation, with only moderate effects on dimethylation. Furthermore, sitedirected mutations designed to impair nucleic acid interaction by the RRM also severely reduce H3K4 trimethylation activity in vivo. These results raise the intriguing possibility that the binding of the nascent mRNA transcript at the 5 0 end of genes might help activate H3K4 trimethylation. Here, we found that the addition of purified yeast mRNA to purified SET1/COMPASS did not, by itself, significantly stimulate trimethylation activity in vitro on histone H3 (data not shown). However, as multiple additional factors are required for robust trimethylation in vivo, these same factors may likewise be required in vitro. Thus, a full understanding of Set1 regulation will require reconstitution of the process with all participating factors in vitro.
Alteration at G990 creates a hyperactive enzyme that bypasses RRM mutations for trimethylation
The largest class of SET1 D alleles obtained represented three different substitutions at a single position, G990. As the three substituted residues (lysine, alanine, and glutamic acid) are of very different chemical nature, and as no proteins appear to be lost or gained in Set1 G990E purifications, it is likely that a larger side chain itself provides a structural alteration that hyperactivates Set1. Consistent with this interpretation, strains bearing G990E showed moderately higher levels of both H3K4 di-and trimethylation, and purified SET1/ COMPASS complex bearing Set1 G990E displayed about 10-fold higher HMTase activity in vitro. In addition, the hyperactive complex is able to methylate H3K4 in otherwise unmodified nucleosomes in vitro, although at reduced levels from free histone H3. Strikingly, G990 substitutions suppress RRM domain mutations, fully restoring trimethylation in vivo. Residue 990 is predicted to reside in the catalytic pocket, within 3.5 Å of the substrate lysine and also near the S-AdHoCys coproduct binding site (Xiao et al, 2003) , consistent with the capacity to affect turnover and specificity.
Set1 bears a central domain that inhibits trimethylation
Whereas removal of the RRM domain from Set1 eliminates trimethylation, the additional removal of the central region (creating N-Set1) restores trimethylation. This strongly suggests that the central region is an autoinhibitory domain that negatively regulates trimethylation (Figure 6 ). SET1 D mutations (R483W) were also isolated in this region that weakly restored trimethylation to RRM site-directed mutants, but not to the DRRM derivative. We suggest that the R483W mutation weakens autoinhibition, but still leaves the enzyme largely reliant on RRM function for trimethylation. In contrast, removal of the autoinhibitory domain altogether confers trimethylation without RRM stimulation (Figure 6 ).
The SET domain integrates inputs from multiple domains
The catalytic SET domain and flanking N-SET and post-SET domains are essential for H3K4 methylation, as mutations in (or omission of) these domains eliminate all H3K4 methylation. Our work has focused on identifying and characterizing the domains (and residues within them) that specifically regulate di-and especially trimethylation. Taken together, our data suggest that activation of WT Set1 requires two inputs: positive input from the RRM domain, and relief from the inhibition imposed by the central autoinhibitory region (Figure 6 ). Here, R483 likely potentiates inhibition by the central region, but only removal of the entire central region renders the enzyme independent of RRM stimulation. Regulation is integrated at the SET domain, where G990 is important for regulating overall activity against H3K4 and maintaining reliance on the RRM domain, as replacements at this residue confer enzyme hyperactivity and independence from the RRM domain for trimethylation. Combining mutations in G990 with R483W provides a highly active and/or misregulated enzyme that can partially bypass a variety of factors normally required for trimethylation. For example, in all cases tested (except for spp1D), the SET1 D R483W G990E allele conferred significantly higher levels of di-or trimethylation. Our work may also provide some insight into Paf1 function. Here, N-Set1 and G990 replacements significantly suppressed the trimethylation defect in paf1D strains, whereas the R483W allele was largely ineffective. Interestingly, SET1 D alleles that suppress paf1D trimethylation defects likewise suppress RRM mutant trimethylation defects. This result raises the possibility that Paf1 and the RRM domain work together to promote trimethylation. An interesting alternative to a direct stimulation of Set1 by Paf1 is that Set1 (or another member of COMPASS) might recognize the ubiquitin moiety present on histone H2B, which requires Paf1 for its presence.
Taken together, our results suggest that the SET domain integrates opposing inputs from the RRM and autoinhibitory regions to control trimethylation. Our results further suggest a role for the N-SET domain in regulating trimethylation. Interestingly, these three domains (the RRM, N-SET, and central region) are not present in the H3K9 HMTases that regulate repression, suggesting that these domains specialize H3K4 HMTases by adapting the SET domain to regulation by factors present at the 5 0 ends of genes, such as the PAF1 complex. Future experiments will aim at revealing how Set1 interacts with factors in the SET1/COMPASS and PAF1 complexes, ubiquitylated H2B, and possibly nascent RNA to influence enzyme activity and specificity.
Materials and methods
Media, genetic methods, and strains Rich media (YPD), synthetic complete (SC) media, and sporulation media were prepared by standard methods. Standard procedures were used for transformations, sporulation, and tetrad analysis. Full strain genotypes are available in Supplementary Table S1 .
SET1 plasmid construction
The SET1 gene was isolated from ATCC cosmid #71214 with ClaI and NruI, and cloned into ClaI/SmaI sites of pRS426 (Sikorski and Hieter, 1989) . SET1 derivatives were made by PCR, incorporating a single FLAG tag and an NheI site at the 5 0 end, and a HindIII site at the 3 0 end. The PCR product was then cloned into SpeI/HindIII sites of p426 Met25 or p425 Met25 (Mumberg et al, 1994) . Clones were sequence verified.
Isolation of rsc2 temperature-sensitive mutants and sitedirected mutagenesis
To isolate conditional rsc2 alleles, we generated a TRP1-marked plasmid bearing rsc2BAHD, in which the essential BAH domain was deleted and replaced with a unique restriction site (SphI). This plasmid was the target for recombination in vivo with mutagenized versions of the BAH region, which were prepared by mutagenic PCR. SphI-cleaved linear plasmid and the mutagenized PCR fragment were cotransformed into a trp1 rsc1D rsc2D strain bearing RSC2 on a URA3-marked plasmid. Cells that directed the in vivo recombination/repair of the rsc2 domain deletion plasmid were identified by tryptophan prototrophy and screened for conditional phenotypes following the loss of the RSC2HURA3 plasmid on media containing 5-FOA. A full description of all mutants will be described elsewhere. Site-directed mutations in SET1 were created using the QuikChange method (Stratagene) and were subcloned and sequenced.
Screen for suppressors of rsc2 temperature-sensitive mutants A multicopy library on the YEp24 vector (gift of Marian Carlson) was transformed into YBC1111 (V457M), and YBC1112 (D461G). Approximately 13 000 transformants for each strain were screened. Transformants that could suppress the temperature sensitivity of rsc2 Ts À mutations on SC medium lacking uracil at 351C were isolated, retransformed, and plated to SC medium lacking uracil and containing 5-FOA at 351C. Those plasmids that maintained suppression were sequenced.
Preparation of whole-cell extracts and immunoblots
Cells were grown in YPD or SC media at 301C to OD 600 ¼1-2. Whole-cell extracts were prepared as described previously (Cairns et al, 1999) . Extracts were loaded onto SDS-PAGE gels, transferred to PVDF, and probed with the antibodies indicated. Specificity of histone antibodies (Abcam) was confirmed by immunoblotting histone H3, H3K4 dimethyl, and H3K4 trimethyl peptides.
Random mutagenesis of SET1
To isolate full-length suppressors of rsc2 Ts À mutations, 426.Flag. Met25.SET1 was mutagenized with hydroxylamine, and transformed into YBC1111 or YBC1112. Suppressors of rsc2 Ts À mutations on SC medium lacking uracil at 331C were selected, isolated, and fully sequenced.
Purification of WT and dominant active SET1/COMPASS complex SET1/COMPASS complex was purified from strain YBC1720 (BRE2.TAP set1DHHIS3MX6 pep4DHkanmx) containing either p426.Met25.SET1 or p426.Met25.SET1.G990E. Cells (12 l) were grown in SC-Met-Ura to OD 600 ¼ 4-5. TAP purification was Figure 6 Model depicting the roles of Set1 domains in enzyme regulation. Set1 requires at least two inputs: (1) a positive input from the RRM domain, which relies on hydrophobic residues (VYL) known to interact with RNA in other RRM proteins, and (2) relief of inhibition by a central autoinhibitory region. Here, R483 potentiates this inhibition, but only removal of the entire domain relieves inhibition. Regulation is integrated at the SET domain, where a critical residue (G990) regulates activity and reliance on the RRM domain for trimethylation. Replacements at this position render the enzyme hyperactive against H3K4 and independent of the RRM domain for trimethylation. The N-SET and post-SET domains are required for SET domain activity, with the amino-terminal region of the N-SET domain required for high levels of H3K4 trimethylation. performed according to Rigaut et al (1999) with minor modifications; details are available on request.
Histone methyltransferase assay
HMTase reactions were carried out in a 25 ml volume at 301C using purified COMPASS, 2.5 mg recombinant H3 or 600 ng mononucleosome, 100 mM S-adenosylmethionine (ICN), HMTase buffer (Rea et al, 2000) , and 1 Â protease inhibitor cocktail. Reactions were stopped by adding 10 ml of 4 Â SDS sample buffer. Protein was separated on a 10-20% SDS-PAGE gel (Bio-Rad) and immunoblotted. Blots were incubated with the antibodies indicated. For the time course, purified WT and G990E COMPASS complexes (400 ng) were incubated with 2.5 mg of recombinant H3 in the presence of S-adenosylmethionine and HMTase buffer for 1, 2, 4, 8, or 16 h, and then 20% of each reaction was loaded onto an SDS 10-20% acrylamide gel and transferred to PVDF membrane. Immunoblots were probed with anti-H3K4 trimethyl (diluted 1:1000).
Supplementary data
Supplementary data are available at The EMBO Journal Online.
